The Purple Bacterial Photosystem Essential components of the R. capsulatus photosystem are diagrammed in Figure 1 . This species synthesizes three pigment-protein complexes, designated as light harvesting-I, light harvesting-II, and the reaction center. As the names imply, light harvesting-I and light harvesting-II complexes function as light-absorbing antenna, capturing light that is primarily of visible (450-590 nm) and near infrared (800-875 nm) wavelengths. The antennae complexes contain two small, membrane-spanning Bauer, 1995) . Centrally located are carotenoid (orange boxes) and bacteriochlorophyll biosynthesis (green boxes) genes which code for enzymes in their respective pathways. Flanking the tightly linked photopigment biosynthesis genes are the light harvesting-I (blue boxes) and reaction center structural genes (red boxes) of the puf and puh operons. Distantly removed from the photosynthesis gene cluster is the puc operon which codes for structural polypeptides of the light harvesting-II complex.
In good agreement with early physiological analyses, genetic studies demonstrated that transcription of photosynthesis genes occurs only under anaerobic conditions. Based on similarity in levels of expression and degree of regulation, photosystem genes can be grouped into three classes. The first consists of bacteriochlorophyll and carotenoid biosynthesis genes that are weakly expressed and only moderately regulated (typically 2 to 4-fold). The second class includes puf and puh operons that are tightly coregulated (15-to 30-fold) and vigorously transcribed under anaerobic conditions. The third class is the puc operon, which is highly expressed but only moderately regulated (4-fold).
Expression of bacteriochlorophyll and carotenoid biosynthesis genes are "coupled" with the puf and puh operons through the formation of overlapping transcrip- tide components of the photosystem beyond that of simply controlling the rate of transcription initiation. The remainder of this review focuses on recently identified binding is significantly enhanced under oxidizing conditranscription factors that coordinate gene expression tions. Biochemical studies to ascertain the mechanism within the photosynthetic gene cluster and the puc whereby the redox state of the cell affects CrtJ DNA operon.
binding have not been undertaken. However, CrtJ may contain a redox sensitive metal center as has been observed for several other redox responding transcription Regulatory Circuits that Coordinate Photosynthesis Gene Expression factors.
The Anaerobic Induction Circuit The Aerobic Repression Circuit
The work of Penfold and Pemberton (1994) and Ponnam- In addition to the aerobic repression circuit controlled by CrtJ, the synthesis of several photosynthesis gene palam et al. (1995) provided evidence that the photosynthesis gene cluster codes for an aerobic repressor transcripts is also dependent on an anaerobic activation circuit. Genetic screens demonstrated that high level (called Pps or CrtJ) of bacteriochlorophyll, carotenoid, and light harvesting-II gene expression (Figure 2A ). Inanaerobic expression of the puf, puh, and puc operons was dependent on a signal transduction system comspection of CrtJ regulated promoters combined with mutational analyses revealed the presence of a conposed of a membrane spanning sensor kinase, RegB, and a soluble response regulator, RegA (reviewed by served palindrome sequence (TGT-N11-ACA) that appears to be a binding site for an aerobic repressor (AlBauer, 1995) . In vitro studies have established that a truncated form of RegB that lacks its membrane spanberti et Ma et al., 1993; Ponnampalam et al., 1995) . Our laboratory has recently purified CrtJ and ning domains undergoes autophosphorylation and then transfers the phosphate moiety to RegA under anaeroshown by gel mobility shift and footprint experiments that it binds to the conserved palindrome (Ponnampabic conditions (as shown in Figure 2B ). Because autophosphorylation is inhibited under aerobic conditions, lam et al., 1995). As expected from genetic studies, DNA RegB may function as a redox sensor that initiates signal Bauer, 1995) . This suggests the intriguing possibility that transduction only under reducing conditions, although the RegA-RegB signal pathway is influenced by the rethe mechanism that allows RegB to monitor the redox spiratory activity of the cell. state is still unclear.
The Light Control Circuit Initially, it was thought that the RegB-RegA circuit Even though it is clear that anaerobiosis is the major controlled only light harvesting and reaction center gene signal leading to induction of photosynthesis gene exexpression since disruption of regA does not affect tranpression, early observations by Cohen-Bazire et al. scription of bacteriochlorophyll biosynthesis genes nor (1957) indicated that the amount of pigment synthesized the oxygen regulated nitrogen fixation operon, nifHDK.
under anaerobic conditions is inversely proportional to However, Eraso and Kaplan (1994) have reported that light intensity. Genetic analysis of the influence of light R. sphaeroides requires a regA homolog for increased on synthesis of the photosystem has proven difficult, if expression of cytochrome c2 during photosynthetic not intractable, because it is small (roughly 2-fold) relagrowth. In this organism, cytochrome c 2 carries out dual tive to the greater than 30-fold level of regulation obfunctions by transferring electrons from the cytochrome served with alterations in oxygen tension. Despite b/c 1 complex to the reaction center during photosynthethis difficulty, recent progress has provided some sis or to the cytochrome c oxidase complex when cells understanding of light-mediated regulation of light respire. Moreover, Qian and Tabita (1995) have found harvesting-I and reaction center structural polypeptides. that regulated expression of Calvin cycle CO 2 fixation One advance was provided by the serendipitous linkage genes (cbb) are affected by the RegB-RegA signal transof the oxygen regulators regB and regA to an open duction pathway in R. sphaeroides. Thus, RegB and reading frame, designated hvrA, that appears to be reRegA appear to form a global regulatory circuit that sponsible for light regulation of the puf and puh operons governs various metabolic pathways in addition to the (Buggy et al., 1994 ; Figure 2C ). Disruption of hvrA results anaerobic induction of photosynthesis gene expression.
in an inability to stimulate puf and puh expression in Although RegB and RegA are known to operate within response to a reduction in light intensity, suggesting that the oxygen control circuit, there remains the possibility HvrA functions as a dim light activator. HvrA contains a that this signal pathway may deviate from conventional putative helix-turn-helix DNA binding domain and DNA two-component signal transduction systems. Inspecfootprint experiments that have demonstrated that HvrA tion of the primary amino acid sequence of RegA gives binds to the puf and puh promoters. no indication of a DNA-binding motif suggesting that it
The mechanism by which light intensity influences may not function as a transcription regulator. Instead, HvrA activity is unknown. However, Shimada et al. (1992) RegA most closely resembles a subclass of smaller inhas reported that blue light ‫054ف(‬ nm) exerts the greattermediary phosphotransfer proteins, such as CheY and est repression of puf operon in R. sphaeroides. In plants, SpoOF, that function within more elaborate signal a number of blue light photoreceptors that control develpathways. A multi-component system, called a "phosopment are flavin binding proteins. In fact, HvrA does phorelay," is known to control the initiation of spore contain a potential nucleotide binding domain and thus development in Bacillus subtilis (Hoch, 1993) . This pathmay use flavin or a similar chromophore to monitor light way is composed of several sensor kinases (KinA, KinB, intensity. Alternatively, HvrA may simply oversee the and KinC), two phosphotransfer proteins (SpoOF and intracellular ATP/ADP ratio which is known to be signifiSpoOB), and a transcriptional regulator (SpoOA). Excantly affected by photosynthesis. tending the phosphorelay beyond the two component Expression of the puc operon is more highly regulated paradigm allows the integration of multiple signals reby light than expression of puf and puh. However, mutaflecting separate nutritional aspects of the cell and its tions within HvrA do not affect puc expression, sugenvironment, into a single regulatory system that congesting that this operon is controlled by a separate trols the induction of a sporulation response. If RegA mechanism (Buggy et al., 1994) . By carefully measuring does function as an intermediary phosphotransfer propuc mRNA levels, Zucconi and Beatty (1988) concluded tein it follows that an additional but unspecified downthat light regulation is exerted post-transcriptionally. stream factor(s) (designated RegX in Figure 2 ) is directly While acknowledging the role of post-transcriptional responsible for exerting transcriptional control over regulation, Lee and Kaplan (1992) have reported that genes within the RegB-RegA regulon.
the puc operon promoter contains cis-acting sites reThe complexities involved in regulating the diverse quired for repression of transcription by high light intencellular processes that fall within the RegB-RegA regusity. The transcription factors presumed to interact with lon may require an extended sensory pathway with the these sites have not yet been identified. capacity to integrate and process multiple signals. This supposition is supported by the similarity of regA to intermediary phosphotransfer proteins and by mutaIndividual Circuits Form a Remarkably tional analyses of senC, a gene with some sensor/kinase Complex Regulatory Network homology in the same operon as RegA (Buggy and Much progress has been made of late in identifying Bauer, 1995) . While mutations in regA abolish regulation transcription factors that control synthesis of the bacteof the puf, puh, and puc operons, regB mutants exhibit rial photosystem. Perhaps most surprising is the overa residual level of transcription regulation. Only regB; lapping nature (Figure 3 ) of the individual circuits that senC double mutants approach the severity of the regA together form a remarkably complex "regulatory netphenotype (Bauer, 1995 different cellular processes. Given the complexity of coordinating synthesis of photosystem components it is likely that additional regulatory factors will soon be discovered. For example, unless RegA proves to be a novel transcription regulator, it appears that one or more downstream component(s) within the RegB-RegA phosphorylation circuit activates transcription of the puf, puh, and puc operons. Inspection of the puf and puh promoter sequences also indicate that these promoters are probably recognized by an alternative subunit (designated P ) which has not yet been identified (Bauer, 1995) . Mutational analyses also indicate that expression of bacteriochlorophyll and carotenoid genes are regulated by unidentified anaerobic transactivators in addition to aerobic repression by CrtJ (Ma et al., 1993; Ponnampalam et al., 1995) . Regulated expression of the puc promoter also appears to involve a homolog of the E. coli transcription factor IHF and is influenced by several distant cis-acting sites (Lee et al., 1993) . These outstanding questions suggest that the diagram in Figure 3 represents only a rudimentary sketch of the circuits that control synthesis of the bacterial photosystem and that there is much work to be done before we will have a detailed understanding of the molecular mechanisms whereby environmental signals and energy demands of the cell can affect its physiology.
